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At the Large Hadron Collider (LHC), top quarks are copiously produced in quark--antiquark pairs ($\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$). This process has been extensively studied in proton--proton collisions at 7 and $\documentclass[12pt]{minimal}
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                \begin{document}$$13\,\text {TeV}$$\end{document}$ \[[@CR1], [@CR2]\] centre-of-mass energy. Measurements of the associated production of $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t} Z$$\end{document}$) allow the extraction of information about the neutral-current coupling of the top quark. The production rate of a top-quark pair with a massive vector boson could be altered in the presence of physics beyond the Standard Model (SM), such as vector-like quarks \[[@CR3], [@CR4]\], strongly coupled Higgs bosons \[[@CR5]\] or technicolour \[[@CR6]--[@CR10]\], and therefore the measurements of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{t\bar{t} W}$$\end{document}$ are important checks of the validity of the SM at this new energy regime. The $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t} W$$\end{document}$ processes have been established by ATLAS \[[@CR11]\] and CMS \[[@CR12]\] using the Run-1 dataset at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 8\,\text {TeV}$$\end{document}$, with measured cross sections compatible with the SM prediction and having uncertainties of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim \!\!30\%$$\end{document}$. At $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 13\,\text {TeV}$$\end{document}$, the SM cross sections of the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t} W$$\end{document}$ processes increase by factors of 3.5 and 2.4, respectively, compared to $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 8\,\text {TeV}$$\end{document}$. The cross sections, computed at next-to-leading-order (NLO) QCD precision, using [MadGraph5]{.smallcaps}\_aMC\@NLO (referred to in the following as [MG5]{.smallcaps}\_aMC), are $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{t\bar{t} W} = 0.60\,\text {pb}$$\end{document}$ with an uncertainty of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim \!\!12\%$$\end{document}$ \[[@CR13], [@CR14]\], primarily due to higher-order corrections, estimated by varying the renormalisation and factorisation scales.

This paper presents measurements of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 13\,\text {TeV}$$\end{document}$ collected by the ATLAS detector in 2015. The final states of top-quark pairs produced in association with a *Z* or a *W* boson comprise up to four isolated, prompt leptons.[1](#Fn1){ref-type="fn"} Decay modes with two same-sign (SS) charged muons, or three or four leptons are considered in this analysis. The analysis strategy follows the strategy adopted for the $\documentclass[12pt]{minimal}
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                \begin{document}$$8\,\text {TeV}$$\end{document}$ dataset \[[@CR11]\], excluding the lower sensitivity SS dilepton channels. Table [1](#Tab1){ref-type="table"} lists the analysis channels and the targeted decay modes of the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t} W$$\end{document}$ processes. Each channel is divided into multiple analysis regions in order to enhance the sensitivity to the signal. Simultaneous fits are performed to the signal regions and selected control regions in order to extract the cross sections for $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t} W$$\end{document}$ production. Additional validation regions are defined to check that the background estimate agrees with the data and are not used in the fit.Table 1List of $\documentclass[12pt]{minimal}
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The ATLAS detector {#Sec2}
==================

The ATLAS detector \[[@CR15]\] consists of four main subsystems: an inner tracking system, electromagnetic (EM) and hadronic calorimeters, and a muon spectrometer (MS). The inner detector (ID) consists of a high-granularity silicon pixel detector, including the newly installed Insertable B-Layer \[[@CR16]\], which is the innermost layer of the tracking system, and a silicon microstrip tracker, together providing precision tracking in the pseudorapidity[2](#Fn2){ref-type="fn"} range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<2.0$$\end{document}$. All the systems are immersed in a 2T magnetic field provided by a superconducting solenoid. The EM sampling calorimeter uses lead and liquid argon (LAr) and is divided into barrel ($\documentclass[12pt]{minimal}
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                \begin{document}$$1.5<|\eta |<3.2$$\end{document}$. The solid angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules, optimised for EM and hadronic measurements respectively, covering the region $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |<2.4$$\end{document}$. A two-level trigger system, using custom hardware followed by a software-based trigger level, is used to reduce the event rate to an average of around 1 kHz for offline storage.

Data and simulated event samples {#Sec3}
================================

The data were collected with the ATLAS detector during 2015 with a bunch spacing of 25 ns and a mean number of 14 *pp* interactions per bunch crossing (pile-up). With strict data-quality requirements, the integrated luminosity considered corresponds to $\documentclass[12pt]{minimal}
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Monte Carlo simulation samples (MC) are used to model the expected signal and background distributions in the different control, validation and signal regions described below. The heavy-flavour decays involving $\documentclass[12pt]{minimal}
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                \begin{document}$$c-$$\end{document}$quarks, particularly important to this measurement, are modelled using the [EvtGen]{.smallcaps}  \[[@CR18]\] program, except for processes modelled using the [Sherpa]{.smallcaps} generator. In all samples the top-quark mass is set to $\documentclass[12pt]{minimal}
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                \begin{document}$$125\,\text {GeV}$$\end{document}$. The response of the detector to stable[3](#Fn3){ref-type="fn"} particles is emulated by a dedicated simulation \[[@CR19]\] based either fully on [Geant]{.smallcaps}  \[[@CR20]\] or on a faster parameterisation \[[@CR21]\] for the calorimeter response and [Geant]{.smallcaps} for other detector systems. To account for additional *pp* interactions from the same and close-by bunch crossings, a set of minimum-bias interactions generated using [Pythia]{.smallcaps} v8.210 \[[@CR22]\], referred to as [Pythia]{.smallcaps} 8 in the following, with the A2 \[[@CR23]\] set of tuned MC parameters (A2 tune) is superimposed on the hard-scattering events. In order to reproduce the same pile-up levels present in the data, the distribution of the number of additional *pp* interactions in the MC samples is reweighted to match the one in the data. All samples are processed through the same reconstruction software as the data. Simulated events are corrected so that the object identification, reconstruction and trigger efficiencies, energy scales and energy resolutions match those determined from data control samples.

The associated production of a top-quark pair with one or two vector bosons is generated at leading order (LO) with [MG5]{.smallcaps}\_aMC interfaced to [Pythia]{.smallcaps} 8, with up to two ($\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t} Z$$\end{document}$ samples. The A14  \[[@CR24]\] set of tuned MC parameters (A14 tune) is used together with the NNPDF2.3LO parton distribution function (PDF) set \[[@CR25]\]. The samples are normalised using cross sections computed at NLO in QCD \[[@CR26]\].

The *t*-channel production of a single top quark in association with a *Z* boson ($\documentclass[12pt]{minimal}
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                \begin{document}$$tZ$$\end{document}$) is generated using [MG5]{.smallcaps}\_aMC interfaced with [Pythia]{.smallcaps} v6.427 \[[@CR27]\], referred to as [Pythia]{.smallcaps} 6 in the following, with the CTEQ6L1 PDF \[[@CR28]\] set and the Perugia2012 \[[@CR29]\] set of tuned MC parameters at NLO in QCD. The $\documentclass[12pt]{minimal}
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                \begin{document}$$Z/\gamma ^{*}$$\end{document}$ interference is included, and the four-flavour scheme is used in the computation.
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                \begin{document}$$tWZ$$\end{document}$) is generated with [MG5]{.smallcaps}\_aMC and showered with [Pythia]{.smallcaps} 8, using the NNPDF3.0NLO PDF set \[[@CR30]\] and the A14 tune. The generation is performed at NLO in QCD using the five-flavour scheme. Diagrams containing a top-quark pair are removed to avoid overlap with the $\documentclass[12pt]{minimal}
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Diboson processes with four charged leptons ($\documentclass[12pt]{minimal}
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                \begin{document}$$\ell \ell \nu \nu $$\end{document}$) are simulated using the [Sherpa]{.smallcaps} 2.1 generator \[[@CR31]\]. The matrix elements include all diagrams with four electroweak vertices. They are calculated for up to one ($\documentclass[12pt]{minimal}
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                \begin{document}$$\ell \ell \ell \nu $$\end{document}$) at NLO and up to three partons at LO using the [Comix]{.smallcaps}  \[[@CR32]\] and [OpenLoops]{.smallcaps}  \[[@CR33]\] matrix element generators and merged with the [Sherpa]{.smallcaps} parton shower using the [ME+PS\@NLO]{.smallcaps} prescription \[[@CR34]\]. The CT10nlo PDF set \[[@CR35]\] is used in conjunction with a dedicated parton-shower tuning developed by the [Sherpa]{.smallcaps} authors. The NLO cross sections calculated by the generator are used to normalise diboson processes. Alternative diboson samples are simulated using the [Powheg-Box]{.smallcaps} v2 \[[@CR36]\] generator, interfaced to the [Pythia]{.smallcaps} 8 parton shower model, and for which the CT10nlo PDF set is used in the matrix element, while the CTEQ6L1 PDF set is used for the parton shower along with the AZNLO \[[@CR37]\] set of tuned MC parameters.

The production of three massive vector bosons with subsequent leptonic decays of all three bosons is modelled at LO with the [Sherpa]{.smallcaps} 2.1 generator and the CT10 PDF set \[[@CR35]\]. Up to two additional partons are included in the matrix element at LO and the full NLO accuracy is used for the inclusive process.

Electroweak processes involving the vector-boson scattering (VBS) diagram and producing two same-sign leptons, two neutrinos and two partons are modelled using [Sherpa]{.smallcaps} 2.1 at LO accuracy and the CT10 PDF set. Processes of orders four and six in the electroweak coupling constant are considered, and up to one additional parton is included in the matrix element.
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                \begin{document}$$Wt$$\end{document}$-channel single-top-quark events the [Powheg-Box]{.smallcaps} v2 generator is used with the CT10 PDF set. The parton shower and the underlying event are simulated using [Pythia]{.smallcaps} 6 with the CTEQ6L1 PDF set and the corresponding Perugia2012 tune. The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t}$$\end{document}$ samples are normalised to their next-to-next-to-leading-order (NNLO) cross-section predictions, including soft-gluon resummation to next-to-next-to-leading-log order, as calculated with the [Top++2.0]{.smallcaps} program (see Ref. \[[@CR38]\] and references therein). For more efficient sample generation, the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t} H$$\end{document}$) are generated using NLO matrix elements in [MG5]{.smallcaps}\_aMC with the CT10NLO PDF set and interfaced with [Pythia]{.smallcaps} 8 for the modelling of the parton shower. Higgs boson production via gluon--gluon fusion (ggF) and vector boson fusion (VBF) is generated using the [Powheg-Box]{.smallcaps} v2 generator with CT10 PDF set. The parton shower and underlying event are simulated using [Pythia]{.smallcaps} 8 with the CTEQ6L1 PDF set and AZNLO tune. Higgs boson production with a vector boson is generated at LO using [Pythia]{.smallcaps} 8 with the CTEQ6L1 PDF. All Higgs boson samples are normalised using theoretical calculations of Ref. \[[@CR40]\].

Events containing *Z* or *W* bosons with associated jets, referred to as *Z*+jets and *W*+jets in the following, are simulated using the [Sherpa]{.smallcaps} 2.1 generator. Matrix elements are calculated for up to two partons at NLO and four partons at LO. The CT10 PDF set is used in conjunction with a dedicated parton-shower tuning developed by the [Sherpa]{.smallcaps} authors \[[@CR31]\]. The *Z* / *W*+jets samples are normalised to the NNLO cross sections \[[@CR41]--[@CR44]\]. Alternative *Z* / *W*+jets samples are simulated using [MG5]{.smallcaps}\_aMC at LO interfaced to the [Pythia]{.smallcaps} 8 parton shower model. The A14 tune is used together with the NNPDF2.3LO PDF set.

The SM production of three and four top quarks is generated at LO with [MG5]{.smallcaps}\_aMC+[Pythia]{.smallcaps} 8, using the A14 tune together with the NNPDF2.3LO PDF set. The samples are normalised using cross sections computed at NLO \[[@CR45], [@CR46]\].

Object reconstruction {#Sec4}
=====================

The final states of interest in this analysis contain electrons, muons, jets, *b*-jets and missing transverse momentum.

Electron candidates \[[@CR47]\] are reconstructed from energy deposits (clusters) in the EM calorimeter that are associated with reconstructed tracks in the inner detector. The electron identification relies on a likelihood-based selection \[[@CR48], [@CR49]\]. Electrons are required to pass the "medium" likelihood identification requirements described in Ref. \[[@CR49]\]. These include requirements on the shapes of the electromagnetic shower in the calorimeter as well as tracking and track-to-cluster matching quantities. The electrons are also requirement to have transverse momentum $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta _\mathrm {cluster}$$\end{document}$ is the pseudorapidity of the calorimeter energy deposit associated with the electron candidate. Candidates in the EM calorimeter barrel/endcap transition region $\documentclass[12pt]{minimal}
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Muon candidates are reconstructed from a fit to track segments in the various layers of the muon spectrometer, matched with tracks identified in the inner detector. Muons are required to have $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.4$$\end{document}$ and to pass the "medium" identification requirements defined in Ref. \[[@CR50]\]. The medium requirement includes selections on the numbers of hits in the ID and MS as well as a compatibility requirement between momentum measurements in the ID and MS. It provides a high efficiency and purity of selected muons. Electron candidates sharing a track with a muon candidate are removed.

To reduce the non-prompt lepton background from hadron decays or jets misidentified as leptons (labelled as "fake leptons" throughout this paper), electron and muon candidates are required to be isolated. The total sum of track transverse momenta in a surrounding cone of size $\documentclass[12pt]{minimal}
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For both electrons and muons, the longitudinal impact parameter of the associated track with respect to the primary vertex,[4](#Fn4){ref-type="fn"} $\documentclass[12pt]{minimal}
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Jets are reconstructed using the anti-$\documentclass[12pt]{minimal}
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                \begin{document}$$R = 0.4$$\end{document}$, starting from topological clusters in the calorimeters \[[@CR53]\]. The effect of pile-up on jet energies is accounted for by a jet-area-based correction \[[@CR54]\] and the energy resolution of the jets is improved by using global sequential corrections \[[@CR55]\]. Jets are calibrated to the hadronic energy scale using *E*- and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$|\eta | < 2.4$$\end{document}$ are required to satisfy pile-up rejection criteria (JVT), based on a multivariate combination of track-based variables  \[[@CR59]\].

Jets are *b*-tagged as likely to contain *b*-hadrons using the MV2c20 algorithm, a multivariate discriminant making use of the long lifetime, large decay multiplicity, hard fragmentation and high mass of *b*-hadrons \[[@CR60]\]. The average efficiency to correctly tag a *b*-jet is approximately $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$, is a measure of the transverse momentum imbalance due to particles escaping detection. It is computed \[[@CR64]\] as the negative sum of the transverse momenta of all electrons, muons and jets and an additional soft term. The soft term is constructed from all tracks that are associated with the primary vertex but not with any physics object. In this way, the $\documentclass[12pt]{minimal}
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To prevent double-counting of electron energy deposits as jets, the closest jet within $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta R_y = 0.2$$\end{document}$ of a reconstructed electron is removed, where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta R_y \equiv \sqrt{(\Delta y)^2 + (\Delta \phi )^2}$$\end{document}$. If the nearest jet surviving the above selection is within $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta R_y = 0.4$$\end{document}$ of an electron, the electron is discarded to ensure that selected electrons are sufficiently separated from nearby jet activity. To reduce the background from muons originating from heavy-flavour particle decays inside jets, muons are removed if they are separated from the nearest jet by $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta R_y < 0.4$$\end{document}$. However, if this jet has fewer than three associated tracks, the muon is kept and the jet is removed instead; this avoids an inefficiency for high-energy muons undergoing significant energy loss in the calorimeter.

Event selection and background estimation {#Sec5}
=========================================

Only events collected using single-electron or single-muon triggers are accepted. The trigger thresholds, $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta R_{\eta } < 0.15$$\end{document}$) a lepton with the same flavour reconstructed by the trigger algorithm. Three channels are defined based on the number of reconstructed leptons, which are sorted according to their transverse momentum in decreasing order.

Background events containing well-identified prompt leptons are modelled by simulation. The normalisations for the *WZ* and *ZZ* processes are taken from data control regions and included in the fit. The yields in these data control regions are extrapolated to the signal regions using simulation. Systematic uncertainties in the extrapolation are taken into account in the overall uncertainty in the background estimate.

Background sources involving one or more fake leptons are modelled using data events from control regions. For the same-sign dimuon ($\documentclass[12pt]{minimal}
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                \begin{document}$$2\mu $$\end{document}$-SS) analysis and the trilepton analysis the fake-lepton background is estimated using the matrix method \[[@CR67]\], where any combination of fake leptons among the selected leptons is considered. However, compared to Ref. \[[@CR67]\], the real- and fake-lepton efficiencies used by the matrix method are estimated in a different way in this measurement. The lepton efficiencies are measured by applying the matrix method in control regions, where the lepton efficiencies are extracted in a likelihood fit as free parameters using the matrix method as model, assuming Poisson statistics, and assuming that events with two fake leptons are negligible. In this way the parameters are by construction the actual parameters of the matrix model itself, instead of relying on external lepton efficiency measurements, which are not guaranteed to be fully consistent with the matrix model. The control regions are defined in dilepton events, separately for *b*-tagged and *b*-vetoed events to take into account the different fake-lepton efficiencies depending on whether the source is a light-flavour jet or a heavy-flavour jet. The real-lepton efficiencies are measured in inclusive opposite-sign events, and fake-lepton efficiencies in events with same-sign leptons and $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {T}}^{\text {miss}} >20\,\text {GeV}$$\end{document}$), after subtracting the estimated contribution from events with misidentification of the charge of a lepton (referred to as "charge-flip" in the following), and excluding the same-sign dimuon signal region. The charge-flip events are subtracted using simulation. The extracted fake-lepton efficiencies are found to be compatible with fake-lepton efficiencies from a fully data-driven procedure where the charge-flip events are estimated from data. For the tetralepton channel, the contribution from backgrounds containing fake leptons is estimated from simulation and corrected with scale factors determined in control regions.

The full selection requirements and the background evaluation strategies in the different channels are described below.

Same-sign dimuon analysis {#Sec6}
-------------------------

The same-sign dimuon signal region targets the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t\bar{t} W$$\end{document}$ process and has the highest sensitivity among all same-sign dilepton regions \[[@CR11]\]. The main reason for this is that electrons have a much larger charge misidentification probability, inducing a significant background from top-quark pairs. Events are required to have two muon candidates with the same charge and $\documentclass[12pt]{minimal}
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Trilepton analysis {#Sec7}
------------------

Four signal regions with exactly three leptons are considered. The first three are sensitive to $\documentclass[12pt]{minimal}
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The signal region definitions for the trilepton channel are summarised in Table [2](#Tab2){ref-type="table"}, while the expected numbers of events in the signal regions are shown in Table [4](#Tab4){ref-type="table"}. The dominant backgrounds in the 3$\documentclass[12pt]{minimal}
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Two background validation regions are defined for the trilepton channel. In the first region, $\documentclass[12pt]{minimal}
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In total, 29 events are observed in the four signal regions. Distributions of the number of jets, number of *b*-tagged jets, missing transverse momentum and transverse momentum of the third lepton are shown in Fig. [4](#Fig4){ref-type="fig"}.Fig. 4Distributions of (*top left*) the number of jets, (*top right*) the number of *b*-tagged jets, (*bottom left*) the missing transverse momentum and (*bottom right*) the third-lepton $\documentclass[12pt]{minimal}
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Tetralepton analysis {#Sec8}
--------------------

The tetralepton channel targets the $\documentclass[12pt]{minimal}
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The contribution from backgrounds containing fake leptons is estimated from simulation and corrected with scale factors determined in two control regions: one region enriched in $\documentclass[12pt]{minimal}
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The expected yields in the signal and control regions in the tetralepton channel are shown in Table [4](#Tab4){ref-type="table"}. Five events are observed in the four signal regions. Figure [6](#Fig6){ref-type="fig"} shows the data superimposed to the expected distributions for all four signal regions combined. Overall the acceptance times efficiency for the $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec9}
========================

The normalisation of signal and background in each channel can be affected by several sources of systematic uncertainty. These are described in the following subsections.

Luminosity {#Sec10}
----------

The uncertainty in the integrated luminosity in the 2015 dataset is 2.1%. It is derived, following a methodology similar to that detailed in Ref. \[[@CR68]\], from a calibration of the luminosity scale using *x*--*y* beam-separation scans performed in August 2015. This systematic uncertainty is applied to all processes modelled using Monte Carlo simulations.

Uncertainties associated with reconstructed objects {#Sec11}
---------------------------------------------------

Uncertainties associated with the lepton selection arise from imperfect knowledge of the trigger, reconstruction, identification and isolation efficiencies, and lepton momentum scale and resolution \[[@CR47]--[@CR50], [@CR69]\]. The uncertainty in the electron identification efficiency is the largest systematic uncertainty in the trilepton channel and among the most important ones in the tetralepton channel.

Uncertainties associated with the jet selection arise from the jet energy scale (JES), the JVT requirement and the jet energy resolution (JER). Their estimations are based on Run-1 data and checked with early Run-2 data. The JES and its uncertainty are derived by combining information from test-beam data, collision data and simulation \[[@CR70]\]. JES uncertainty components arising from the in-situ calibration and the jet flavour composition are among the dominant uncertainties in the $\documentclass[12pt]{minimal}
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The efficiency of the flavour-tagging algorithm is measured for each jet flavour using control samples in data and in simulation. From these measurements, correction factors are defined to correct the tagging rates in the simulation. In the case of *b*-jets, correction factors and their uncertainties are estimated based on observed and simulated *b*-tagging rates in $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$ is considered. These systematic uncertainties are taken as uncorrelated between *b*-jets, *c*-jets, and light-flavour jets.

The treatment of the uncertainties associated with reconstructed objects is common to all three channels, and thus these are considered as correlated among different regions.

Uncertainties in signal modelling {#Sec12}
---------------------------------

From the nominal [MG5]{.smallcaps}\_aMC+[Pythia]{.smallcaps}  8 (A14 tune) configuration, two parameters are varied to investigate uncertainties from the modelling of the $\documentclass[12pt]{minimal}
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Uncertainties in background modelling {#Sec13}
-------------------------------------
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                \begin{document}$$2\mu $$\end{document}$-SS channels, the diboson background is dominated by *WZ* production, while *ZZ* production is dominant in the tetralepton channel. While the inclusive cross sections for these processes are known to better than 10%, they contribute to the background in these channels if additional *b*-jets and other jets are produced and thus have a significantly larger uncertainty.
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                \begin{document}$$t\bar{t} W$$\end{document}$ signals. The uncertainty in the extrapolation of the *WZ* background estimate from the control region to signal regions with specific jet and *b*-tag multiplicities is evaluated by comparing predictions obtained by varying the renormalisation, factorisation and resummation scales used in MC generation. The uncertainties vary across the different regions and an overall uncertainty of $\documentclass[12pt]{minimal}
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The normalisation of the *ZZ* background is treated as a free parameter in the fit used to extract the $\documentclass[12pt]{minimal}
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                \begin{document}$$\ell $$\end{document}$-ZZ-CR control region (corresponding to on-shell *ZZ* production) to the signal region (with off-shell *ZZ* background) and from the extrapolation from the control region without jets to the signal region with at least one jet. They are found to be 30 and 20%, respectively. An additional uncertainty of 10--30% is assigned to the normalisation of the heavy-flavour content of the *ZZ* background, based on a data-to-simulation comparison of events with one *Z* boson and additional jets and cross-checked with a comparison between different *ZZ* simulations \[[@CR11]\].
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                \begin{document}$$tZ$$\end{document}$ background, an overall normalisation uncertainty of 50% is assumed. An additional uncertainty affecting the distribution of this background as a function of jet and *b*-jet multiplicity is evaluated by varying the factorisation and renormalisation scales, as well as the amount of radiation in the Perugia2012 parton-shower tune.
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For other prompt-lepton backgrounds, uncertainties of 20% are assigned to the normalisations of the *WH* and *ZH* processes, based on calculations from Ref. \[[@CR73]\]. An uncertainty of 50% is considered for triboson and same-sign *WW* processes.

The fake-lepton background uncertainty is evaluated as follows. The uncertainty due to the matrix method is estimated by propagating the statistical uncertainty on the measurement of the fake-lepton efficiencies. Additionally, a 20% uncertainty is added to the subtracted charge-flip yields estimated as the difference between data-driven charge-flips and simulation, and the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$ requirement used to enhance the single-fake-lepton fraction is varied by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$2\mu $$\end{document}$-SS region, the flavour composition of the jets faking leptons is assumed to be unknown. To cover this uncertainty, the central values of the fake-lepton efficiencies extracted from the *b*-veto and the *b*-tag control regions are used, with the efficiency difference assigned as an extra uncertainty. For the tetralepton channel, fake-lepton systematic uncertainties are covered by the scale-factor uncertainties used to calibrate the simulated fake-lepton yield in the control regions. Within a fake-lepton estimation method, all systematic uncertainties are considered to be correlated among analysis channels and regions. Thus $\documentclass[12pt]{minimal}
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Results {#Sec14}
=======
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                \begin{document}$$\sigma _{t\bar{t} W}$$\end{document}$ are determined using a binned maximum-likelihood fit to the numbers of events in these regions. The fit is based on the profile-likelihood technique, where systematic uncertainties are allowed to vary as nuisance parameters and take on their best-fit values. None of the uncertainties are found to be significantly constrained or pulled from their initial values. The calculation of confidence intervals and hypothesis testing is performed using a modified frequentist method as implemented in RooStats \[[@CR74], [@CR75]\].
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                \begin{document}$$\sigma _{t\bar{t} W}$$\end{document}$ in the signal regions and in the control regions used to constrain the *WZ* and *ZZ* backgrounds. The 'Other' background summarises all other backgrounds described in Sect. [3](#Sec3){ref-type="sec"}. The shaded band represents the total uncertainty
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Measurements of the production cross sections of a top-quark pair in association with a *Z* or *W* boson using $\documentclass[12pt]{minimal}
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In this paper, lepton is used to denote electron or muon, and prompt lepton is used to denote a lepton produced in a *Z* or *W* boson or $\documentclass[12pt]{minimal}
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ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the *z*-axis along the beam pipe. The *x*-axis points from the IP to the centre of the LHC ring, and the *y*-axis points upward. Cylindrical coordinates $\documentclass[12pt]{minimal}
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A particle is considered stable if $\documentclass[12pt]{minimal}
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A primary vertex candidate is defined as a vertex with at least five associated tracks, consistent with the beam collision region. If more than one such vertex is found, the vertex candidate with the largest sum of squared transverse momenta of its associated tracks is taken as the primary vertex.

We thank CERN for the very successful operation of the LHC, as well as the support staff from our institutions without whom ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Armenia; ARC, Australia; BMWFW and FWF, Austria; ANAS, Azerbaijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and CFI, Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; COLCIENCIAS, Colombia; MSMT CR, MPO CR and VSC CR, Czech Republic; DNRF and DNSRC, Denmark; IN2P3-CNRS, CEA-DSM/IRFU, France; GNSF, Georgia; BMBF, HGF, and MPG, Germany; GSRT, Greece; RGC, Hong Kong SAR, China; ISF, I-CORE and Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS, Japan; CNRST, Morocco; FOM and NWO, Netherlands; RCN, Norway; MNiSW and NCN, Poland; FCT, Portugal; MNE/IFA, Romania; MES of Russia and NRC KI, Russian Federation; JINR; MESTD, Serbia; MSSR, Slovakia; ARRS and MIZŠ, Slovenia; DST/NRF, South Africa; MINECO, Spain; SRC and Wallenberg Foundation, Sweden; SERI, SNSF and Cantons of Bern and Geneva, Switzerland; MOST, Taiwan; TAEK, Turkey; STFC, United Kingdom; DOE and NSF, United States of America. In addition, individual groups and members have received support from BCKDF, the Canada Council, CANARIE, CRC, Compute Canada, FQRNT, and the Ontario Innovation Trust, Canada; EPLANET, ERC, FP7, Horizon 2020 and Marie Skłodowska-Curie Actions, European Union; Investissements d'Avenir Labex and Idex, ANR, Région Auvergne and Fondation Partager le Savoir, France; DFG and AvH Foundation, Germany; Herakleitos, Thales and Aristeia programmes co-financed by EU-ESF and the Greek NSRF; BSF, GIF and Minerva, Israel; BRF, Norway; Generalitat de Catalunya, Generalitat Valenciana, Spain; the Royal Society and Leverhulme Trust, United Kingdom. The crucial computing support from all WLCG partners is acknowledged gratefully, in particular from CERN, the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden), CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK) and BNL (USA), the Tier-2 facilities worldwide and large non-WLCG resource providers. Major contributors of computing resources are listed in Ref. \[[@CR77]\].
